Deep soil moisture is fundamental to hydrological cycle and ecosystem sustainability in arid and semi-arid regions. This study examined the combined effects of topographic domain and land use on the spatial variability of deep soil moisture (0-5 m) on the semi-arid Loess Plateau of China.
INTRODUCTION
Catchments generally consist of the hillslope domain and the gully domain on the semi-arid Loess Plateau (Gao et al. ) . The hillslope domain is located in higher parts of a catchment and has gentle slopes (generally <25 ). The gully domain is composed of various gullies that are generally connected to form a natural geographical unit (Liu & Li ) . The gully domain covers approximately 40% of the total area with a density of 1.5-4.0 km·km À2 on the semi-arid Loess Plateau (Zheng et al. ) . Specifically, gullies are located in the lower parts of catchments and generally have steep slopes from 25 to 90 (Gao et al. ) . Moreover, gullies, which often occur in loess, represent an important form of severe land degradation in the world (Melliger & Niemann ) . For example, they reduce the agricultural potential and grazing value in gullied regions (Krause et al. ) . The gully domain should be considered separate from the hillslope domain to examine soil moisture spatial variability in water-limited regions (Grayson & Western ) . Therefore, characterizing soil moisture spatial variability individually in the hillslope domain and the gully domain is important for practical applications involving soil erosion, surface runoff, agricultural production, and ecological restoration.
Soil moisture is a main component of terrestrial water resources and has an important influence on many ecological and hydrological processes in both topographic domains (Zhu & Shao ) . In general, soil moisture stored in deep layers (usually below 1-2 m) is an important water resource for plant growth and ecosystem health in semi-arid regions (Ferreira et al. ) . Soil moisture varies greatly due to the variability of soils, topographic factors, land uses and precipitation (Western et al. ; Brocca et al. ; Vereecken et al. ) . Specifically, the topographic variability, as represented mainly by the topographic domains in gullies regions, can significantly affect the redistribution of precipitation, surface runoff and solar radiation (Qiu et al. ) , inevitably resulting in spatial variability of soil moisture (Meerveld & McDonnell ) . Because soil properties and precipitation have overall low spatial variability in small gully catchments, topography and land use are key factors that influence soil moisture variations. Furthermore, topographically routed subsurface lateral flow may be important in wet situations, but the hydrological connectivity between gullies and nearby hillslopes may be weak under dry conditions because vertical fluxes dominate over lateral (Grayson et al. ) . 
MATERIALS AND METHODS

Study area
The study area is located in the Jiegou catchment (36 56 0 N, 110 46 0 E), western Shanxi Province of China (Figure 1 ). This catchment has an area of 0.19 km 2 in the hillslope domain and 0.30 km 2 in the gully domain. The site has a semi-arid continental climate: mean annual temperature of approximately 9.8 C and mean annual rainfall of 465 mm.
Most rainfall generally occurs from July to September in the form of thunderstorms, which account for more than 60% of the annual total. As shown in Figure 1 
Soil moisture data collection
We selected 27 experimental sites in the hillslope domain and 24 experimental sites in the gully domain ( Figure 1 ). These experimental sites were selected based on various topographic domains and land uses, and were distributed in different spatial positions over the hillslope and gully domains. According to Gao et al. () , the microtopography in the gully domain includes ridges, pipes, plane surfaces and cliffs. Experimental sites were selected to cover these different microtopographic positions (except for cliffs which have much steep inaccessible slopes) in the gully domain. Soil moisture collected from these sites is therefore expected to be representative of the different The TWI was calculated by the following equation:
where Ac is the upslope contribution area per unit contour length. The SPI was calculated as follows: 
Data analysis
The soil moisture profile was analyzed to determine the mean and standard deviation (SD) using samples from all experimental sites at each spatial domain or land use type.
The depth-averaged soil moisture at each experimental site ( θ j ) was calculated as follows:
where N i is the number of soil layers at site j and θ i is the final soil moisture content of layer i. Then, the depthaveraged soil moisture content for each land use ( θ) was calculated as follows:
where N k is the number of experimental sites for each land use type.
The spatial distribution of soil moisture was interpolated using the Kriging method in ArcGIS 10.1 (ESRI, Redlands, CA, USA). One-way analysis of variance (ANOVA) was used to evaluate the mean soil moisture contents among land use types in each topographic domain. Multiple comparisons were conducted using the least significant difference (LSD) method at the 0.05 level. Pearson correlation coefficients were used to examine the relationships between soil moisture and topographic attributes. Statistical analyses were performed using the SPSS software (Version 16.0, SPSS Inc., IL, USA). These results suggest that the infiltration depth of annual rainfall does not exceed 2 m and soil moisture content below this depth is temporally stable.
RESULTS
Soil moisture profile in two topographic domains
The profile distribution of mean soil moisture content in two different topographic domains is shown in Figure 4 .
Some differences in soil moisture can be observed between the hillslope and gully topographic domains based on the 0-5 m profile, but these differences are dependent on the soil depths. The depth-averaged soil moisture in the gully domain was approximately 8.9% lower than that in the hillslope domain above 2 m depth and approximately 5.6%
higher than that in the hillslope domain below 2 m depth.
Unlike the mean soil moisture, the hillslope domain exhibited lower SD values than the gully domain in 0-5 m soil depths. Overall, the mean soil moisture content in the gully domain was lower by an average of 0.7% in depths from 0 to 5 m, and the moisture variability was higher by an average of 10.0%, when compared with these values in the hillslope domain.
As shown in Figure 5 , the mean soil moisture content in comparable soil depths was lowest in forestland compared with farmland and grassland in both topographic domains.
The LSD test illustrated that forestland had significantly lower soil moisture content than grassland in the hillslope domain (p < 0.05). However, no statistically significant difference was found between forestland and grassland in the gully domain (p > 0.05) ( Table 1) . The mean moisture content displayed similar vertical distribution characteristics among land use types in the two topographic domains ( Figure 5 ). However, there were different trends and patterns between the two domains. For example, soil moisture was relatively stable until 1.5 m in the hillslope domain, and the relatively stable depth reached 3 m in the gully domain in all considered land use types ( Figure 5 ). Furthermore, soil moisture in forestland was higher in the hillslope domain in shallow soil layers (<0.8 m) but higher in the gully domain in deep soil layers (>0.8 m). Generally, soil moisture in grassland was higher in the hillslope domain than in the gully domain in 0-5 m ( Figure 5 and Table 1 ).
Overall, gully forestland was 10.8% higher in depthaveraged moisture content than hillslope forestland in the 0-5 m profile, and hillslope grassland was 13.3% higher than gully grassland. These results mean that the moisture discrepancy between hillslope and gully domains was clearly dependent on land use types.
Similar to the mean values, the SDs of soil moisture in comparable soil depths of forestland were relatively lower than those of other land use types in both topographic domains ( Figure 5 and Table 1 ). Compared with the Soil moisture spatial patterns in different soil depths Figure 6 was created using the Kriging approach to determine the spatial distribution of soil moisture in both topographic domains. Additionally, the basic statistics of the spatial properties of soil moisture were calculated for different soil depths ( Table 2 ). The Kriging maps indicated that the soil moisture distribution in the hillslope domain exhibited a descending trend in soil depths from 2 to 4 m, and the soil moisture distribution in the gully domain displayed an ascending trend in soil depths from 2 to 5 m.
The spatial mean soil moisture contents in the hillslope domain were higher than those in the gully domain above 2 m, but the gully domain exhibited higher spatial mean values of soil moisture than those in the hillslope domain below 2 m. Furthermore, the soil moisture spatial distribution was closely related to land use patterns (Figures 1   and 6 ). For example, relatively low soil moisture contents were generally observed in forestland areas, independent of topographic domains and soil depths. In addition, the spatially averaged soil moisture content was higher in the top 1 m of the soil than in other soil depths in both topographic domains ( Figure 6 and Table 2 ).
Relationships between soil moisture and topographic attributes
Pearson correlation coefficients were calculated to examine the relationships between soil moisture and topographic attributes in each topographic domain, as presented in Table 3 . In general, the correlation coefficients were dependent on the topographic domains and soil depths. In the hillslope domain, soil moisture demonstrated strong positive correlations with slope aspect, especially in deep soil layers.
In addition, soil moisture showed significant negative correlations with slope gradient in the top 1 m (p < 0.05), but no significant correlations were observed in depths below 1 m (p > 0.05). In the gully domain, soil moisture observed strong positive correlations with profile curvature, particularly in deep soil layers. In contrast, soil moisture and profile curvature showed weak negative correlations in the hillslope domain. In summary, soil moisture in the hillslope domain was affected by the slope gradient and aspect, and in the gully domain, it was profile curvature. Other topographic attributes, including elevation, plan curvature, the topographic wetness index, and the stream power index, had weak influences on soil moisture in both topographic domains. moisture is well below saturation, the macropore flow mechanism cannot operate. This means that there will be negligible lateral flow between different areas of the catchments and that only (local) terrain, (local) vegetation, and possibly radiation can influence the soil moisture patterns (Takagi & Lin ) .
In this study, deep soil moisture showed differences in the two topographic domains on the semi-arid Loess Plateau (Figure 4) . The result partly agreed with the findings 
Effects of land use types and topographic attributes on deep soil moisture
In the semi-arid loess regions where precipitation is usually the only water input for soil moisture, land use is thought to affect deep soil moisture levels primarily due to the which reported that land use had a significant influence on the deep soil moisture content. Furthermore, a similar vertical pattern of soil moisture distribution was observed among land use types in the hillslope and gully domains ( Figure 5 ).
The findings suggest that land use and the topographic domain jointly affect the soil moisture content and its spatial patterns. In addition, forestland exhibited significantly lower soil moisture contents than other land use types in both considered topographic domains (p < 0.05) (Table 1) Grassland exhibited a higher level of variability at greater depths than did the soil moisture in other land use types in both the hillslope and gully domains ( Figure 5 ). This was probably because the development of roots by the various plants in grassland prevented a stable variability (Jia & Shao ) .
In the present study, the correlation coefficients indicate that slope aspect was the main topographic factor that affected soil moisture in the hillslope domain, and profile curvature was the main topographic factor of influence in the gully domain (Table 3 ). This is in partial agreement with Gao et al. () and Huang et al. () , who showed that slope aspect had a strong topographic control on hillslope soil moisture.
Implications for afforestation
Gullies are expected to have higher moisture contents than the higher position hillslopes. However, the moisture differences in the two topographic domains are dependent on the soil depths and land use types (Figures 4 and 5 ). This suggests that both topography and land use have an impact on soil moisture spatial patterns in complex terrain regions (Kornelsen & Coulibaly ) . Forestland exhibited a lower deep soil moisture content than farmland or grassland in both the hillslope and gully domains (Table 1) . Furthermore, the depletion of deep soil moisture was more severe in the hillslope domain than in the gully domain ( Figure 5 and Table 1 ). This may lead to deficits in deep soil moisture in the hillslope domain because of lower recharge by rainfall 
